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\ ABSTRACT 


\/ 


This report contains test data from propellant and case bond materials 


from Minuteman Stage II dissected motors. Testing was performed in 


accordance with Service Engineering General Test Directive GID-1 Dissect 


dated 28 June 1974 and Project M83258C. Statistical analysis includes ; 
data from both inner (ANP 2864) and outer (ANP 2862) propellant. Test H 
samples were obtained from two dissected motors this test period. Data H 
obtained from these two motors have been combined with earlier test data i 


from these same two motors and from a third motor. 


Linear regression piots using unique symbols to identify the three 
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motors were used to indicate trends. Most of the propellant specimens 


were prepared and tested in the axial orientation, that is, parallel 


SSE 


to the longitudinal axis of the motor. 
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GLOSSARY OF SYMBOLS AND TERMS 


Symbol Definicion 
Crosshead Speed The rate of travel of the crosshead 


which pulls on a tensile specimen, 
Dimensions: in/min 


/ 


CSA Cross-Sectional Area. Dimensions: in“ 
DSC Differential Scanning Calorimetry 
D(t) Creep Compliance ~- ratio between strata 


and stress at a given time following 
application of a constant etress. 
Dimensions: in/in/psi 


DIA Differential Thermal] Analvsis 


E Young's Modulus ~- ratio between stress 
(acting to change length) and the strain 
produced by this stress. lt is calculated 
from a portion of the curve where stress 
and strain are linearly related. 
Dimensions: Ibs/in? 


EGL Effective Gage Length. Dimenstons: in 


em Tensile strain (fractional change in 
length) at maximum stress. Listed as EM 
/ in GO85. Dimensions: in/in 


er Tensile strain at rupture. Listed ag ER 
in GO85. Dimensions: in/in 


ECt) Stress Relaxation Modulus - ratio between 
stress and strain at a given time follow- 
ing application of a constant strain. 
Dimensions: lbs/in2 


F The ratio of the sum of the deviations 
from the regression line to (5¢)2. This 
calculated value is compared with a table 
of critical values to determine whether or iq 
not the variation from the regression line i, 
is significant. 


Y Cohesive Tear Energy. Dimensions: Ib/in 


GLOSSARY OF SYMBOLS AND TERMS (CONT) 


Ogden ALC 


Linear Regression 


Strain Rate 


Definition 


Joint Army, Navy, NASA & Air Force 
Committee 


Propellant Laboratory Section, Ogden ALC 
lumber of test specimens represented 


Ogden Air Logistics Center, Air Force 
Logistics Command 


A line with the general equation Y = a + bx 
which best represents the trend of the mean 
test values with respect to time. 


Linear Correlation Coefficient. It is the 

slope of the regression line corrected by 

the standard deviation of x over the 

standard deviation of y. The calculated 

value of R is compared with a table of critical f 

values to determine whether or not the corre- kJ 
lation of the samples is significant. 4 


Maximum tensile stress (normal force per 
unit cross-sectional area). Listed as SM 
in GO-85, Dimensions: psi 4 


Tensile stress at rupture. Listed as SR in 
GO-85, Dimensions: psi 


Standard deviation (square root of variance) 


Standard error of estimate of the regression 
coefficient. 


Standard deviation of the data about the f 
regression line (also Sy .x) + tg 


The crosshead speed divided by the EGL. I 
Dimensions: in/in/min 


The ratio of the slope of the regression 

line to Sg. The calculated value of t is 
compared with a table of critical values 

to determine whether or not the slope of 

the regression line is significant. 


GLOSSARY OF SYMBOLS AND TERMS (CONT) 
Symbol Definition 


TCLE Thermal Coefficient of Linear Expansion. 
Dimensions: in/in/°C 


Ty Glass Transition Temperature. Dimenston: °C 
TGA Thermogravimetric Analysis 
Variance The sum of squares of deviations of the 


test results from the mean of the series 
after division by one less than the 
total number of test results. 


3-Sigma Band The area between the upper and lower 
3-sigma limits. Presuming normal dis- 
tribution, it can be expected that 99.73% 
of the inventory represented by the test 
samples would fall within this range. 


90-90 Band Assuming normal distribution, it can be 
stated with 90% confidence that 90% of 
the inventory represented by the test 
samples would fall within this range. 


Significant As used in the statistical sense, means a 
difference unlikely to have been the result 
of random sampling from some specified 
population, 


S$. Standard Deviation 


xi 


INTRODUCTION 


A. PURPOSE: 

1. To provide information on the structural reliability of the 
propellant and insulation materials in LGM-3C Stage II Motors in support 
of the Safeguard Program. 

z. ‘To provide age versus physica) property trends, using statistical 
analysis as an aid in determining shelft/service life predictions of the 
motor's propellant. 

3. To detect degradation of propellant and insulation materials 
physical properties, due to aging or environmental conditions. 

B&B. BACKGROUND: 


Since 1963, materials property testing has been performed on propellant 


—— 


specimens prepared from cartons of propellant used in motor manufacture. 
Similarly, insulation materials have been tested. 

In 1971, all laboratory prepared insulation materials and case to 
propellant bond specimens were destroyed in a conditioning chamber 
malfunction. This incident, coupled with near depletion of propellant 
carton samples, necessitated a search for other sources of test materials. 
From a Force Modernization Program, some older motors became available 
for testing. Three motors were selected as being representative of the 
inventory and were dissected for testing. The oldest one, Motor S/N 
0022135 is 6.9 months older than Motor S/N 0022583, which in turn is 6.2 
menths older than Motor S/N 0022788. To date, five test periods have 


heen completed at annual intervals, There are no test results on Motor 


S/N 0022583 propellant this test period because the last of the available 


material was tested the previous test period. Dissection of a replacement 
is being negotiated. 

The last of the insulation materials from all three motors was 
tested the previous test period, thus there are no insulation materials 
test results in this report. Some case bond material from the two 
remaining motors was available and test results are included. 

C. DISSECTION: 

The motors were dissected and cut into segments as shown in Figures 
1 and 2. Propellant specimen orientations are shown in Figure 3. 

The case bond shear and tensile specimens are illustrated in Figures 4 
and 5 respectively. 


D. MOTOR DATA: 


Motor Nr Cast Date Age at Test 
0022135 63162 15.0 years 
0022583 64008 Not applicable 
0022788 64197 13.7 years 


Each motor contains ANP 2862 (Outer) and ANP 2864 (Inner) propellant. 


Manufacturer: Aerojet Solid Propulsion Company. 


STATISTICAL ANALYSIS 


The objective of this statistical anaiysis is to determine whether 
or not any aging trends are demonstrated by accumulated test data in 
order to assist Service Engineering to more accurately predict motor 
serviceability. 

Propellant was made available for testing and statistical analysis 
to obtain an overall view of the aging trends affecting the Second Stage 
Dissected Motor Program. In the past, carton data and dissected motor 
data were combined to yield sufficient samples to perform the analysis. 
Since there is now sufficient dissected motor data, carton data will 
not be included in the analysis. This will eleminate a further biasing 
factor in the results. 

A Multi-symbol Regression Analysis Program was used to determine 
aging trends. The sampling is combined for each test parameter in a 
single regression analysis. The linear equation (Y = a + bX) was found 
to be the best fit model for the data in this report. A composite popu- 
lation aging trend line was then calculated accepting the fact that in- 
dividual aging of different motors may be masked. 

The Multi~symbol Program uses a unique plotting code for each motor 
on the regression plots. This method of data plotting allows a visual 
display of the overall relationship between motors and how they relate 
to the overall least square aging trend line. 


The regression program uses an analysis with individual data points 


from different time periods combined to establish a least squares aging 
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trend line for the overall data. The variance about the regression Line, 


obtained using individual values of the dependent variable, was used to 
compute a tolerance interval such that at the 90% confidence Jevel 90% 

of the population falls within this interval. This tolerance interval 
was extrapolated to a maximum of 24 months to give an indication of the 
statistical significance of the slope of any aging trends. The computer 
tolerance interval about the composite regression line is wider than what 
the tolerance interval would be about any individual motor regression 
line because of the increased data spread introduced by combining data 
from different motors. The 't' values and the significance of this 
statistic, which are reported for each regression model, gives an 


indication of the "statistical significance" of the slope of the aging 


trend in the Y-axis. Data and regression trend lines were plotted utilizing 


an IBM-360/65 computer. 


The accuracy of the statistical inferences improves as the sampling 
becomes larger. An analysis of the slope of the trend lines revealed 


the majority are becoming flatter: 


Motor Symbol 
0022135 0 
0022583 © 
0022788 a 


oe tee ree gee 


TEST RESULTS 


BRecauge of rather extensive testing, the propellant tensile test results 


are presented in tabular form rather than as a narrative. 


A. Tensile Test Results: 


1. Uniaxial Tensile 


Propellant CHS (i) Test Slope (2) Slope (3) 
Outer 0.0002 Maximum Stress FL N 
Strain at Rupture FL N 
Modulus N.C. N 
Inner 0.0002 Maximum Stress FL s 
Strain at Rupture FL Ss 
Modulus FL S 
Outer 2.0 Maximum Stress N.C. Ss 
Strain at Rupture N.C. N 
Modulus N.C. S 
Inner 2.0 Maximum Stress N.C. Ss 
Strain at Rupture N.C. N 
Modulus N.C. N 


For regressions see Figures 6 thru 17. Kaw data for this test period are in 
Tables 1 thru 4. : 


2. Biaxial Tensile 


Propellant CHS (1) Test Slope (2) Slope (G3 

Outer 0.2 Maximum Stress (4) N.C; s 
Strain at Rupture N.C. N 
Modulus N.C. N 

Inner 0.2 Maximum Stress N.C. N 
Strain at Rupture N.C. N 
Modulus N.C. N 


Yor regressions see Figures 18 thru 23. Raw data for this test period are 
{n Tables 5 thru 8. 


TEST RESULTS (Cont) 


3. High Rate Triaxial Tensile 


Propellant cHS_ (1 Test Slope(2) Slope(3) 
| Outer 1750 at Maximum Stress NeGs N 
500 psi Strain at Rupture 5 S 
Modulus(4) St Ss 
Inner 1750 at Maximum Stress St Ss 
500 psi Strain at Rupture FL Ss 
Modulus (4) FL S 


For regressions see Figures 24 thru 29; Raw data for this test period is 
in Table 9. 


4. High Rate Hydrostatic Tensile 


Propellant CHS (1 Test Slope(2) slope(3) 
Outer 1750 at Maximum Stress St S 
500 psi Strain at Rupture FL S 
Modulus Sic S 
Inner 1750 at Maximum Stress N.C. N 
500 psi Strain at Rupture FL S 
Modulus St ) 


For regressions see Figures 30 thru 35. Raw data for this test period is in 
Table 10. 


NOTES : 
(1) CHS = crosshead speed in inches per minute. 


(2) St means the slope obtained this test period may be increasing 
from that indicated in the last report. FL means that the indicated slope 
this test period may be flatter than indicated the last test period. N.C. 
indicates that the slopes obtained this test period could not be directly 
compared with slopes obtained the previous test period. 


(3) S means statistically significant. N means not statistically signifiteant, 
(4) The slope indicates a rather sharp decreasing trend. The most 


probable cause is insufficient data to establish a realistic trend line 
plus the variance between motors. 


B. Stress Relaxation Master Curves at 0.5 and 3.0 Percent Strain: 


The relaxation modulus results at -65° and -40°F were not used. For 
a single plot to include the modulus values covering a temperature range 
from -65° to +180° the Y-axis must span from 0 to 90,000 psi. This 
reduces the visibility at the low end of the curve. The master stress/strain 


curves are shown in Figures 36 thru 43. ‘The raw data are in Tables 11 thru 14. 


Cc. Burning Rate: 

Both outer and inner regressions at 500 psi initial pressure have a 
trend line with a flatter slope (approaching a zero slope line) than in 
previous reports due to the accumulation of more data. The regression 
slope for outer propellant is statistically significant and the inner is 


not significant (Figures 44 and 45). Raw data is in Table 15. 


D. TCLE (Thermal Coefficient of Linear Expansion) : 

The regressions below the glass point have a flatter slope than the 
previous test period for both inner and outer propellant. The regression 
showed a statistically significant decrease at the last test period while 
4 non-significant trend is shown here. 

The regressions above the glass point have a flatter slope than the 
previous test period for both inner and outer propellant. Both are 
statistically significant. See Figures 46 thru 49. Raw data for this 
test period are in Tables 16 and 17. 

The TCLE is defined as the change in length per unit of length in 
turn divided by the change in temperature. The TCLE varies with temperature, 


thus the temperature range for the TCLE must be known. Equations of the 


TCLE curves are given to simplify determining the TCLE over shorter 


er ee 


temperature ranges within the ranges used in the testing. 


E. Hardness: 
The outer hardness has a statistically significant decreasing trerd 
and the inner hardness a statistically significant increasing trend. See 


Figures 50 and 51. Raw data is in Table 18. 


F. Additional Testing: 
Additional raw data on propellant and case bond material is included 
where data were not available for regression analysis. This data is in 


Table 19. No abnormalities were observed during this test period. 


G. Bulk Modulus: 

During the 1978 test period it was discovered the bulk modulus 
calculated from 0 to 200 psi was comparatively low and when calculated from 
200 to 400 psi, 200 to 600 psi, etc. was higher and virtually constant. 
This method of calculation gives a more realistic presentation than 
previously wherein the calculations were from 0 to 200 psi, 0 to 400 psi ertc., 
and the bulk modulus continuously increased. Accordingly, the bulk modulus 
from the 1977 report (MANCP Nr 384(77)) was recalculated to correspond to 


the improved presentation. 


An example from the 1977 data is given in Table 20, "Bulk Modulus, 
Motor 0022788 Inner, Specimen Nr 2", under the heading, "1977 Data as 
Originally Reported". The same data recalculated in 200 psi intervals, 


0 to 200 psi, 200 to 400 psi etc., to 2000 psi is shown in the same table 


under the heading, "1977 Data Recalculated". The two answers, 8.33 x 107> 


and 11.11 x 10° are caused by a 1 milliivolt difference in test equipment 
readings, the limit of accuracy at the time. This was improved to 0.5 
millivolt by the time the 1978 testing was done. 

Because the bulk modulus is nearly constant above 200 psi, the 1977 data 
was recalculated for the ranges 0 to 200, 200 to 1400, and 200 to 2000 psi. 
The results are in Table 21, "Rulk Modulus, 1977 Data Recalculated". The 
range 200 to 1400 psi was included because in 1978 this was the maximum 
pressure used. The one number, bulk modulus 200 to 1400 psi can, with 
little error, be used over the range 200 to 2000 psi. 

A side by side comparison of 1977 data recalculated and 1978 data is 
given in Table 22, "Bulk Modulus Summary". The percent change in volume and 
bulk modulus for inner and outer propellant from Motors 0022135 and 0027788 
are given in this table. 

The bulk modulus data for 1978 is given in Table 23, "Bulk Modulus 1978 


Data". 


H. SOL GEL: 

Linear regressions for Sol Gel data are presented for the first time. 
Four test periods are included for Motors S/N 0022135 and S/N 0022788. Only 
three test periods are included for motor S/N 0022583 because the last 
available propellant was tested the previous test period. 


For regressions see Figures 52 thru 61, and for raw data for this test 


period see Table 24. 
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CONCLUSIONS 


As stated in greater detail in "Test Results", three propellant 


regressions show decreasing trends. However, only three test periods are 


involved and probably the trends will level off considerably as additional 


testing is performed. Based on these analyses, none of the other trends 


show cause for appreciable concern at this time. 
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RECOMMEN DATIONS 


It is recommended that: 

1. The motor scheduled for dissection be dissected immediately so 
it can be tested with the remaining two motors. 

2. The amount of Garlock and Genguard insulation materials in a 
motor is rather limited. Because of this, recommend existing data and 
the testing program for these materials be examined to see if it is feas- 
ible to materially lengthen the time period over which they could be 


tested. 


3. It is further recommended, testing continue to accumulate sufficient 


data to establish realistic trends. 
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This figure illustrates what the various sample 
orientation terms mean with respect to a segment 
of the motor, 

A JANNAF dogbone is used in the illustration to 
depict the areas from where the specimens are 


obtained. 


inner circumferential 


outer radial 
bipropellant 


t axial 


FIGURE 3 


Se ee ee 


shinee niaaee 28. 


1.000 
| 


t 
+0.000 j 


0.200 
eed 


+.000 
0.200 -.020 


Figure 4 


Adhesive 


Propellant 0.15 in 
Liner 0.025 in. 
Insulation 0.030 in. 


Adhesive 


Aluminum Specimen 
Plate (2) 
~_ Tap 2 places 


L Bond to metal case on dissected motor specimen. 
The metal case section may be left square or as 
cut from motor segment. 


Bond Shear Specimen 
(Propellant /Liner/Insulat len) 


oie a 


Propellant in sleeve 
Diameter at case 1.129" 


Figure 5 Sleeved Bond Specimen (for Bond Tensile Test) 
(Propellant/Liner/Insulation/Case) 


NOTE: Case may be left as cut from motor 
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TABLE 15 


BURN RATE 


INITIAL PRESSURE = 350 PSI 


(NON-ORIENTED) 


TEST AAT BURN RATE 
DATE CO} (1N/SEC) 


78082 177 0.270 
0.270 

0.270 

.--Mean/S.D. = 0.270/0.0 


78082 164 0.316 
0.316 
0.315 

.--Mean/S.D. = 0.3157/0.00058 


78082 177 0.319 
0.319 
0.318 

.--Mean/S.D. = 0.3187/0.00058 


78082 164 0.271 
0.271 
0.272 

.--Mean/S.D. = 0.2713/0.00058 


BURN RATE 
INITIAL PRESSURE = 500 PSI 
(NON-ORIENTED) 


78082 177 0.275 
0.275 
0.275 
.»-Mean/S.D. = 0.275/0.0 
78082 164 0.336 
0.339 
0.335 

.»-Mean/S.D. = 0.3367/0.0021 
78082 177 0.340 
0.340 
0.341 

..-Mean/S.D. = 0.3403/0.00058 
78082 164 0.273 
0.273 
0.273 


..-Mean/S.D. = 0.273/0.0 


« 47 « 


Outer 


Inner 


TABLE 16 


THERMAL COEFFICIENT OF LINEAR EXPANSION 
(NON-ORTENTED) 
Temp -120° to 0°C 


TCLE/ ‘GLASS TCLE/ 
TEST ‘AAT = BELOW ‘POINT ‘ABOVE 
MSN ‘DATE «(M0) CIN/IN/°C) “ee 4IN/IN/°C) 
0022788 78072 164 0.0000622 ~60.0 0.0000950 
0.0000633 -59.0 0.0000950 
0.0000578 -55.0 0.0000982 
---Mean/S.D. = 0.0000611/0.0000029  -58/2.65 0.0000961/0.0000018 
0022135 78073 177 —-0.0000635 -59.0 0.0000918 
0 .0000696 -63.0 0.0000849 
0.0000666 -60.0 9.0000900 
-.-Mean/S.D. = 0.0000666/0.0000031  ~-60.7/2.08 0.0000889/0.0000036 
0022788 78072 164 0.0000633 -56.0 0.0001010 
0.0000691 -57.0 0.0001033 
0.0000683 -56.0 0.0001068 
-+-Mean/S.D. = 0.0000669/0.0000031  -56.3/0.58 0.0001037/0.0000029 
0022135 78073 177: 0..0000608 -60.0 0.0000947 
0.0000661 -60.0 0.0000917 
0.0000612 -59.0 0.0000931 
0.0000702 -57.0 0.0000976 


--Mean/S.D. = 0.0000646/0.0000045  -59.0/1.41 0.0000943/0.0000025 
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MSN 


0022135 


0022788 


0022135 


0022788 


‘TABLE 18 
HARDNESS 


DISSECTED MOTORS 
(NON-ORIENTED) 


‘AAT SHORE-A 
(MO) 


177 


68.0 
..-Mean/S.D.= 67.6/1.19 


164 66.0 
65.0 
65.0 
63.0 
64.0 
63.0 
63.0 
67.0 
.--Mean/S.D.= 64.5/1.51 


177 68.0 
67.0 
68.0 
69.0 
69.0 
69.0 
69.0 
70.0 
..-Mean/S.D.= 68.6/0.92 


164 59.0 
57.0 
60.0 
60.0 
60.0 
59.0 
60.0 
58.0 

..-Mean/S.D.= 59.1/1.13 


TABLE 19 


CASE BOND 
1. Bond Shear, Constant Load 

Cese/Liner/Propellant "Poker Chip" 
A. TEST TEMP: 77°F i 
Predicted Load : 

Test AAT Regression PSI, To Fail At : 

MSN Date (mo) Equation (1) lmin 10 min 4 
0022135 78207 181 Y = -0.07647X+1.554 35.8 30.0 
0022788 78206 162 Y = -0.1119X+1.619 41.6 3251 
14 

B. TEST TEMP: 120°F F 
0022788 78206 168 Y = -0.2283X+1.485 30.5 18.0 F 


5 


Bond Tensile, Constant Load 
Case/Liner/Propellant "Sleeved Bond Specimen" 


% Cae 


TEST TEMP: 77°F 
Predicted Load 


Test AAT Regression PSI, To Fail At 
MSN Date (mo) Equation (1) 1 min 10 min 
0022135 78205 181 Y = -0.03695X+1.550 35.5 32.6 
0022788 78204 168 Y = -0.03169X+1.539 34.6 32.2 


(i) Obtained from log, log plots, therefore, logs of times must be used in evaluations. 
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BULK MODULUS, MOTOR 0022788 INNER, SPECIMEN NR. 2 


1977 Data as Originally Reported 


Applied 
Pressure 

PSI 

From To 
0 200 
0 400 
0 600 
0 800 
0 1000 
0) 1200 
0 1400 
0 1600 
0 1800 
0 2000 


% Change 


In Volume 


0.060 
0.084 
0.102 
0.126 
0.144 
0.168 
0.186 
0.204 
0.228 
0.246 


K/Bulk 
Modulus 


PSI/x10> 


3.33 
4.76 
5.88 
6.35 
6.94 
7.14 
7.53 
7.84 
7.90 
8.13 


1977 Data Recalculated 


Applied 
Press"re 
PSI 
From To 
0 200 
200 400 
400 600 
600 800 
800 1000 
1000 1200 
1200 1400 
1400 1600 
1600 1800 
1800 2000 


% Change 


In Volume 


0.060 
0.024 
0.018 
0.024 
0.018 
0.024 
0.018 
0.018 
0.024 
0.018 


K/Bulk 
Modulus 


PSI/xi0~> 
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